ABSTRACT: This paper aimed at investigating the potential use of sperm DNA fragmentation (SDF) to improve the routine screening of infertility of Holstein bulls. Cryopreserved sperm samples from 201 Holstein bulls provided by an AI center were used in the analyses of SDF at 0 (SDF_0) and 6 (SDF_6) h of incubation at 37ºC. A refi nement of the sperm chromatin dispersion test implemented in the Sperm-Halomax kit was employed to measure SDF. Records on routinely collected semen traits (volume, concentration, mass and individual motility evaluated in the fresh ejaculate, and individual motility in post-thawed semen straws) were provided by the AI center. Artifi cial insemination bull fertility was obtained from offi cial fi eld recording as successful or failed insemination. The results show that the average SDF was low (around 3.5%) at 0 and 6 h of incubation. A moderate effect of inbreeding depression was found. Estimated heritability for SDF traits were moderately high (0.41 and 0.29 for SDF_0 and SDF_6, respectively) and estimated repeatability of SDF measures in the same animal were high (0.73 and 0.70 for SDF_0 and SDF_6, respectively). An overall estimated service bull value (ESBV) obtained through statistical modeling that allowed for adjustment of systematic environmental effects not specifi c to a bull and of the female contribution to fertility, and the estimated genetic values (EGV) were obtained from fi eld-recorded AI information. The ESBV and EGV were also obtained for all semen traits. Moderately large and negative Pearson correlation coeffi cients were observed between SDF traits and male fertility ranging from (-0.43 to -0.50; P <0.001). Results of stepwise regression analyses showed that SDF_6 had the largest partial r 2 (0.15 to 0.26) among all semen characteristics. Overall, the selected semen traits explained 25% and 31% of the observed variability in bull fertility measured as EGV and ESBV, respectively. When looking at the predictive ability of bull fertility categories, the results of discriminant and logistic regression analyses showed that low-fertility bulls (those in the 10th or lower percentile in the fertility distribution) can be accurately identifi ed by using measures of SDF alone or in combination with sperm motility. Values of SDF around 7% to 10% could be used as indicators of low AI success.
INTRODUCTION
To avoid infertile bulls and market reproductively low-effi cient semen doses, AI centers routinely record some classical semen parameters to evaluate the sperm quality, such as motility, concentration, and morphology. However, the relationship between classical semen quality traits and fertility is controversial (Foote, 2003; Holt, 2005; Lewis, 2007) . Sperm DNA fragmentation (SDF) has been advocated as a male fertility indicator (Evenson et al., 1980; Bungum et al., 2011) . The sperm chromatin dispersion test (SCD) and a refi nement of this technique (Fernández et al., 2003 , Enciso et al., 2006 have been proposed as a simple, fast and reproducible procedure that does not require special equipment and could be used in commercial conditions. The technique produces a differential chromatin decondensation pattern between cells with fragmented DNA and those with intact DNA. The results are very easy to interpret; in fact, cells with small and compact halos of chromatin dispersion correspond to spermatozoa with unfragmented DNA, whereas those with damaged DNA present moderate or large halos of chromatin diffusion (López-Fernández et al., 2007) .
An important feature to consider before using SDF as a tool to screen low-fertility animals is the magnitude of the genetic component and the repeatability of this trait. Although there is evidence that some mutations in sperm nuclear protein genes could be associated with greater SDF (Gu et al., 2010; Venkatesh et al., 2011) , no previous studies have dealt with the quantifi cation of the genetic component of this trait.
Moreover, measuring the potential of semen variables to predict fi eld fertility is a tricky task due to the large amount of nuisance variation existing in fi eld AI records. and found that including information from all matings and using statistical modeling that accounts for nuisance variation that affect the AI outcome improves estimates of bull fi eld fertility.
This paper aimed to investigate the potential of SDF measured with the SCD test to improve the routine screening of potentially infertile bulls in AI centers. This involved estimation of the genetic and permanent environmental effects specifi c to the bull components of SDF, as well as the study of the relationship of this trait and other seminal characteristics collected under commercial conditions with AI male fertility.
MATERIALS AND METHODS

Semen Traits
Animal Care and Use Committee approval was not obtained for this study because no animals were used.
Semen DNA Fragmentation. Commercial cryopreserved semen samples from 201 different Holstein bulls were included in the analysis. Six straws were randomly selected from each bull when possible and analyzed on the same day together with other bulls in batches of up to 8 bulls. A total of 1,028 frozen straws were obtained. Cryopreserved samples were thawed by immersion in a 37°C water bath for 30 s. Straws were further incubated in a 37ºC water bath for 6 h. The baseline and the dynamic assessment of sperm DNA damage were done as elsewhere described (Gosálvez et al., 2011a,b) . In this case, SDF was performed after thawing 0 (SDF_0) and 6 h (SDF_6) of incubation. Each straw was diluted to 5 to 10 million spermatozoa/mL (spz/mL) in INRA 96 medium (IMV Technologies, Huesca, Spain), and SDF was tested by the Sperm-Halomax kit (Halotech DNA, Madrid, Spain).
Commercially Collected Semen Traits. Apart from the SDF data, obtained in laboratory conditions, other semen traits obtained during the routine of semen collection used in the AI center Aberekin S.A. in Derio, Spain, were used in this study. These traits, collected from 1990 through 2007, were individual motility (IM), mass motility (MM), post-thawing progressive individual motility (PTM), volume of ejaculate (VOL), and concentration (CON). The IM is the percent of progressive motility of individual sperm cells estimated by a trained technician examining unstained diluted semen using a 20× magnifi cation and light microscopical observation equipped with a warm stage. Mass motility evaluates overall movement or wave motion and is also subjectively assessed by the same technician for undiluted unstained semen under microscope (10×) using a scale from 0 to 5 (fast distinct swirl to best motility). The PTM is IM measured after thawing. The VOL is measured directly from the collecting container. The CON is determined using an IMV ACCEULL spectrophotometer (IMV International Corp., Maple Grove, MN). The number of sperm per ejaculate (NESP) was obtained by multiplying the VOL and CON values for each ejaculate. The ejaculates containing less than 300 x 10 6 spz/mL, 3 MM score, 75% of IM and 45% of PTM are recorded and later discarded and not used for AI. These routine seminal traits were analyzed in a previous study (Karoui et al., 2011) with the information available in 498 bulls. The results obtained from that study were used in the current one to estimate the relationships between those traits and SDF and male fertility.
Fertility Traits
Fertility data were extracted from the offi cial reproductive recording system monitored by Federación Frisona de Euskadi (EFRIFE, the Federation of Basque Holstein Associations). The data fi le included insemination records from 1995 to 2008. Farms participating in this reproductive program are part of the progeny test program conducted by the AI center providing the semen quality traits. Therefore, this dataset not only contained AI results from bulls from the AI center providing the routine seminal traits but also results from other contemporary AI bulls used in the herds under reproductive recording in this region. Fertility was measured through the binary result of an insemination, considered a success when conception took place (confi rmed by calving) or failure otherwise. Data were edited for the routine genetic evaluation of female fertility (González-Recio et al., 2005) . Moreover, for the male fertility estimation, service bulls were required to have at least 50 insemination records, and data in herd-year classes with a success rate above 90% or below 10% were discarded. This was done to avoid extreme category problems that appear when analyzing categorical data with threshold models in the case of classes of effects that only have records belonging to 1 of the categories. Moreover, herds with nearly nil or full pregnancy rates might be considered as recording mistakes or outliers. A total of 511,494 AI results from 136,255 cows and 955 service bulls were available. The average number of services per bull was 533, with a minimum of 51 services. A summary of descriptive statistics of the semen and fertility traits is shown in Table 1 .
Statistical Analyses
Two sets of analyses were carried out in this study. The fi rst analysis estimated the environmental and genetic components affecting SDF. The second set of analyses assessed the relationship between sperm quality attributes and male fi eld fertility.
Estimation of Environmental and Genetic Effects on SDF. The genetic and environmental components of SDF were estimated according to this model: y ijkmlt = YC it + SC jt +AC kt + b t Fi m + a lt + p mt + e ijkmlt [1] where at time t (t = 0, 6 h), y ijkmlt is the SDF observation; YC it , I = 1…7, is the effect of the year of semen collection; SC jt , j = 1…4, is the effect of the season of collection, defi ned as winter (December, January and February), spring (March, April and May), summer (June, July, August) and autumn (September, October, November); AC kt , k = 1…5, is the effect of the age of bull at collection on SDF, with bull age defi ned by these Pedigree information on 1,971 animals was used in the study. Concerning family structure, animals with data were sons of 65 sires and 167 dams. There were 37 and 28 sire and dam half-sib families, respectively. In addition, there were 7 full-sib families, and 2 bulls with their own records were also sires of bulls with records. The inbreeding coeffi cient for each animal in the pedigree was calculated using the ENDOG program (Gutiér-rez and Goyache, 2005) . The pedigree fi le included an average of 5 complete generations of ancestors.
The SDF_0 and SDF_6 were jointly analyzed in a 2-trait model. Environmental and genetic parameters were estimated via Bayesian procedures using the TM Fortran program (available upon request from A. Legarra, http://snp.toulouse.inra.fr/~alegarra), assuming a multivariate normal (MVN) as sampling distribution of the observations. Prior distributions are assumed as (MVN; 0, G a ⊗ A), (0, G pe ⊗ I) and (0, R ⊗ I) for additive genetic values, permanent environmental effects and residuals values, respectively. A is the additive relationship matrix, G a and G pe are matrices containing additive genetic and permanent environmental (co) variances, respectively. R is the matrix for residual (co) variances. For the systematic effects and variance components, "fl at priors" are assumed. Posterior means of heritabilities, genetic and phenotypic correlations were obtained from samples of the (co)variance components specifi ed for model [1] .
The marginal posterior distribution for each parameter was obtained using a Gibbs sampling procedure. Two chains with a different set of starting values for the variance components and the same seed for the sampling process to check for convergence to stationary distributions were run. In each chain 2,000,000 samples, discarding the fi rst 500,000 as burn-in, were obtained. Convergence was checked by visual inspection of the 2 chains and by the convergence criteria provided by the R package boa (R version 2.8.1; http://www.r-project.org/).
Relationship between Bull Semen Quality and Fertility. Semen and fertility traits were appraised by 2 different measures: an overall estimated service bull value (ESBV) that included both the genetic and non-genetic factors associated to a service bull, and the estimated genetic value (EGV) that represented only the additive genetic factors associated to the bull. The ESBV and EGV for semen traits routinely collected in the AI center (VOL, 1 IM = Individual motility (%), MM = mass motility (1 to 5), PTM = postthawing motility (%), VOL = volume per ejaculate (mL), CON = concentration (billion sperm/mL), NESP = number of sperm per AI dose (billion), SDF_0/_6 = percentage of spermatozoa with fragmented DNA after 0/6 h of incubation, SAI = rate of successful inseminations per service bull CONC, NESP, MM, IM and PTM) were obtained from a previous study. This previous study used a multitrait animal model that included year, season, and week of collection; age of bull at collection; time of previous collection; and ejaculate number in the day of collection as the systematic environmental factors not specifi c to the bull (as well as the permanent and the additive genetic effect of the bull; Karoui et al., 2011) . The EGV were solutions for the additive genetic effect of the bulls, and ESBV were obtained by deviating the observed values for each semen trait from the solutions of the systematic environmental effects not specifi c to the bull. For SDF, both ESBV and EGV were obtained from the 2-trait animal model described in the previous section.
Male fertility also was represented by the same 2 components, the ESBV and the EGV. A joint model that considered the AI success as the result of 2 contributions, 1 relative to the female (female fertility) and the second relative to the male (male fertility), was used to analyze the outcome of each insemination event.
This basic threshold model was used to estimate the contribution of the bull on the inseminations results:
where, y ijklmnopr is the binary response for the AI outcome (1 = success, 0 = failure), T is the unknown threshold (arbitrarily set to 0 in the analysis) that defi nes the value of the underlying variable or liability value over which the observed outcome of the AI is a success, and l ijklmnopr is the unobserved liability, modeled as l ijklmnopr = HY i + RY j + LA k + CFI l + IN m + a n + p o + sb p + e ijklmnopr [2] where, HY i , i = 1… 6672, is the herd-year of insemination effect; RY j , j = 1… 94, is the region by year of insemination effect; LA k , k = 1… 16, is the combined effect of the lactation number and age at calving corresponding to the insemination; CFI l , l = 1… 4, is the effect of the interval from calving to fi rst insemination class; IN m , m = 1… 5, is the effect of the ordinal of insemination on the cow after calving (up to 5 inseminations were considered); a n , n = 1… 246,289 is the additive genetic effect of cow n, p o , o = 1…136,225, is the permanent environmental effect of cow o and sb p , p = 1… 955, is the service bull effect for bull p, which provided the ESBV for bull fertility. In a second analysis, an additive genetic effect plus a non-additive and permanent environmental effect for the service bull were fi tted instead of the service bull effect (sb in model [2] ) to obtain EGV for bull fertility. The model used in this analysis was: l ijklmnopqr = HY i + RY j + LA k + CFI l + IN m + a n + p o +a p + p q + e ijklmnopqr where a p , p = 1… 246,289, and p q , q = 1… 955, are the additive genetic and permanent environmental effect for the service bull, and the rest of effects are defi ned as in [2] .
Similarly to the analysis of SDF, environmental and genetic parameters for AI outcomes were estimated via Bayesian procedures using the TM Fortran program, assuming an MVN as sampling distribution of the underlying liability. Specifi cations for prior distribution for position and dispersion parameters were the same as for the SDF analysis. A total of 400,000 iterations, discarding the fi rst 50,000 as burn-in, were used for inference.
The relationship between fertility and semen traits was evaluated in various ways. First, Pearson correlations among ESBV and EGV for fertility, routine seminal traits and SDF traits were obtained. Second, to evaluate the ability to predict male fertility, linear regression models of semen traits on fertility were fi tted using a stepwise procedure to select the regressor variables that adjust better to the data. Models were run using either ESBV or EGV for fertility traits and for semen traits. Third, males were categorized according to their estimated fertility (for both ESBV and EGV) to determine ability of the semen traits to predict classes of fertility of bulls. Categorization of fertility of males was carried out using the percentiles of the distribution of both continuous measures, ESBV and EGV, of male fertility. The 5, 3 and 2 fertility categories were defi ned for each measurement. Thresholds were 10th, 25th, 75th and 90th percentiles (P10, P25, P75, and P90) for 5 categories, 10th and 90th percentiles for 3 categories, and 10th or 90th percentile for 2 categories. When only 2 categories were defi ned, 2 scenarios were studied: low-fertility bulls (ESBV or EGV < P10) vs. the rest (ESBV or EGV ≥ P10) and high-fertility bulls (ESBV or EGV > P90) vs. the others (ESBV or EGV ≤ P90). The error rates were used in this analysis to examine the accuracy of prediction for different fertility categories. This statistic gives the proportion of misclassifi ed observations in each fertility class.
Then analyses were used to establish the ability of semen characteristics to discriminate among categories. Finally, the effect of changing the threshold to defi ne low-or high-fertility animals in the 2 category cases was studied. Bulls were fi rst classifi ed as low-fertile vs. not low-fertile using as thresholds to defi ne low fertility the 5th, 10th or 25th percentiles of the ESBV and EGV dis-
tributions. Alternatively, bulls were classifi ed as highfertile vs. not high-fertile using the 75th, 90th and 95th percentiles of the ESBV and EGV distributions. Logistic regressions were run to determine the ability of semen traits to predict either low-or high-fertility bulls. A stepwise procedure was used to determine the regression equations, and receiver-operating curves (ROC) were obtained to determine the discriminant power of semen characteristics. The area under the curve (AUC), or concordance statistic, was used to compare the ability of prediction under alternative defi nitions of fertility class. All the analyses measuring the relationship between ESBV and EGV for fertility and semen traits were carried out with SAS (SAS Institute Inc., Cary, NC).
RESULTS
Estimation of Environmental and Genetic Effects on SDF
Average SDF_0 and SDF_6 after thawing were 3.35% and 3.60%, respectively. About 10% of the bulls had SDF greater than 5%, and only 2 bulls showed SDF values greater than 15%.
Posterior means for each of the 3 factors acting on SDF according to [1] are shown graphically in Figure 1 . A decline in average SDF values was observed up to 2004, followed by a slight increase in 2007 and 2008. Semen collected in spring and summer showed greater SDF than semen collected in autumn and winter. Semen collected in winter showed, on average, the least fragmentation. For age at collection, the SDF was lowest for bulls between 18 and 24 mo of age, showing an increasing trend afterward. Youngest bulls (less than 18 mo of age) also showed slightly greater SDF than bulls between 18 and 24 mo of age, these being more sexually mature animals. Table 2 shows the effect of inbreeding depression (estimated from the regression coeffi cient of SDF on inbreeding) and posterior means of the difference between the amounts showing the largest and smallest impact on SDF_0 and SDF_6 for year, season and age at collection. The 95% highest probability density (HPD95%) intervals (the smallest region containing the true value of the contrasts with a 95% posterior probability) and the posterior probabilities of the differences being larger than 0 are also provided in Table 2 . These fi gures can be used to ascertain the signifi cance of each effect. The inbreeding depression effect was low for both traits, and the HPD95% interval contained the 0 value. However, the posterior probability of obtaining a value greater than 0 was above 82% and 71% for SDF_0 and SDF_6, respectively. This indicates that, with a certain degree of uncertainty, an increase in the inbreeding is associated with an increase of the SDF at 0 and 6 h. The average inbreeding amount for the bulls in the fragmentation data set was 5.37% (SD = 1.03). For the other factors included in the model, the largest effect on SDF was due to the age of bulls at collection. Bulls older than 6 yr showed, on average, 1.48% and 1.28% more SDF than bulls between 12 and 18 mo old for SDF_0 and SDF_6, respectively. For the year of collection, semen collections between 2002 and 2005 showed a decrease of 1.18% and 1% for SDF_0 and SDF_6, respectively. Semen samples collected in summer showed, on average, 0.37% and 0.25% more SDF than samples collected in winter for SDF_0 and SDF_6, respectively. These values represent a large percentage (greater than 40%) of the observed average of SDF, but they are small values for traits that may range from 0% to 100%. The HPD95% interval for the estimated differences did not contain the 0 value, except for the season and age contrasts for SDF_6. Nevertheless, the probability of observing a value greater than 0 was more than 90% for all contrasts. This indicates that signifi cant but small differences can be expected for all 3 effects. All the effects included in the model tended to have a larger impact on SDF_0 than on SDF_6. This was expected because the measure of SDF obtained after 6 h of incubation can be affected by other factors that may mask the effect of the factors included in the model.
Posterior means of heritabilities, repeatabilities, genetic and phenotypic correlations for SDF_0 and SDF_6 obtained from (co)variance components in model [1] are shown in Table 3 . Estimated means of heritabilities for SDF were moderately high, particularly for SDF_0 (0.41 and 0.29 for SDF_0 and SDF_6, respectively). A reduced estimate of heritability could be expected for SDF_6 after some incubation time, because factors not included in the model are more likely to be acting on the fragmentation level, resulting in a larger residual variance and, consequently, in a lower estimate of heritability. Posterior means of repeatabilities for both SDF traits were high (0.73 and 0.70 for SDF_0 and SDF_6, respectively). Both genetic and phenotypic correlations between the 2 SDF traits were very high, indicating that SDF measured at 0 or 6 h after thawing could be considered measures of the same trait. Estimated posterior correlations showed a narrow HPD95%, indicating the high precision of the estimates of the correlation values. Table 4 shows Pearson correlation coeffi cients for ESBV and EGV of pairs of the analyzed traits, along with P-values for a 2-tailed test of correlation being different from zero. All semen attributes except VOL showed a correlation with male fertility statistically different from zero. The semen attributes showing the largest correlations with male fertility were the SDF traits (up to r = -0.49 for the correlation between ESBV for male fertility and SDF_6), followed by MM and PTM, which showed similar correlations with male fertility (from r = 0.33 to r = 0.35 for both EGV and ESBV). The magnitude of the correlations among ESBV for SDF and for other semen traits was largest for PTM (up to r = -0.40 for the correlation between SDF_6 and PTM). No signifi cant correlation was observed between routine semen traits measuring semen production (VOL, CON and NESP) and both SDF traits.
Relationship between Fertility and Semen Traits
Pearson correlations between ESBV and EGV for each trait, shown in the diagonal of Table 4 , were above 0.9 for all traits except for IM, for which a 0.76 correlation was estimated. In a previous study on the same dataset (Karoui et al., 2011) , IM showed the lowest heritability value (0.07) but similar repeatability compared with the other seminal traits. Therefore, more discrepancies between genetic and permanent environmental effects linked to the bull for this trait may be expected, which Table 3 . Posterior means and 95% highest probability density (HPD95%) intervals (in brackets) of heritability (h 2 ), repeatability (r 2 ), genetic (ρ g ) and phenotypic (ρ y ) correlations for DNA fragmentation at time 0 (SDF_0), and 6 (SDF_6) h Table 2 . Estimated effects of systematic factors on sperm DNA fragmentation measured at times 0 (SDF_0) and 6 h (SDF_6) after thawing. Posterior means, the 95% highest probability density (HPD95%) intervals in brackets and probability of a larger than 0 value (P > 0 ) for the regression coeffi cient of inbreeding (b Fi ) on SDF and for the difference between amounts with maximum and minimum effect on SDF for year, season and age at collection Linear regression equations of fertility on semen traits are shown in Table 5 . The stepwise procedure selected SDF_6 and MM as the variables that best predicted the ESBV and the EGV for male fertility among all seminal traits. The signs for these variables were negative for SDF_6 and positive for MM. This indicates that increases in SDF_6 will reduce male fertility, while the opposite is expected for MM. In addition to SDF_6 and MM, the regression equation for male EGV included SDF_0 and IM, but now the signs were positive and negative, respectively, modulating the linear response for SDF_6 and MM. Partial R-square values were largest for SDF_6 (0.26 and 0.16 for ESBV and EGV, respectively). Model R 2 values were 0.30 and 0.27 for ESBV and EGV, respectively. The relatively low values of these coeffi cients of determination indicate that accuracy of prediction of the AI fertility of the bull as a continuous trait from a linear regression involving semen characteristics is expected to be moderately low. Therefore, additional analyses were carried out to test the capacity of semen characteristics to predict categories of the male fertility. Results of discriminant analyses to test the ability of routine semen traits and SDF parameters to classify bulls for AI fertility are shown in Table 6 . Error rates for classifi cation of AI fertility of bulls into 5, 3 or 2 categories using discriminant functions are presented as a comparison statistic. Overall, predicting 5 fertility categories showed an error rate greater than 50% for both ESBV and EGV measures. As might be expected, the intermediate classes showed larger error rates than the extreme classes, except for the intermediate high class. The classifi cations that showed decreased overall error rates were the 2 categories classifi cations (low vs. not low and high vs. not high) with a least overall error rate for classifi cation of low vs. not-low-fertility bulls (27% for ESBV and 19% for EGV). Error rate was particularly low for the prediction of not-low-fertility bulls, showing values less than 10%. Error rates to predict fertility classes from seminal traits were compared with the expected error rate from a random assignment. For ESBV, about 20% smaller error rates for the fertility classifi cation obtained from semen traits compared with the random assignment of bulls to 5, 3 or low vs. notlow classes were observed. A much smaller advantage, only a decrease in 7.85% for the error rate using semen traits compared with random prediction, was observed when trying to identify high-fertility bulls. For EGV, the overall rates of error were smaller than for ESBV and improved the random classifi cation in 23.5%, 30.26%, 30.65% and 18.38% points for 5, 3, low vs. not-low, and high vs. not-high classes of fertility, respectively.
The low-and high-fertility animals in the discriminant analyses were defi ned arbitrarily as animals below and above P10 and P90, respectively. Changing the threshold percentiles, alternative defi nitions of low-(vs. not low) and high-(vs. not high) fertility bulls were further compared by obtaining the AUC from logistic regressions. Table 7 shows the logistic regression equations of fertility class on semen characteristics using ESVB and EGV and the AUC parameter for each defi nition of low and high fertility. As for the ordinary regression equations shown in Table 5 , SDF_6 was included in all the prediction equations except for prediction of the EGV 5% low-fertility bulls and for the EGV 95% highfertility. In the case of the low-fertility bulls, SDF_6 was selected in the fi rst step of the stepwise procedure but Table 6 . Error rates for classifi cation of bull fertility into different number of categories (N = 5, 3, 2) using discriminant functions involving routine AI semen traits and semen DNA fragmentation parameters. Two variables, the estimated service bull value (ESBV) and the estimated genetic values (EGV), were alternately used to both obtain bull fertility categories and to estimate bull semen quality. Table 7 . Logistic regression equations of fertility class (estimated genetic values, EGV, and estimated service bull value, ESBV) on semen characteristics (ESBV and EGV) obtained from a stepwise procedure and area under the receiver-operating curve (area under the curve, AUC). Fertility classes were defi ned under different thresholds for low (5th, 10th and 25th percentiles) and high (75th, 90th and 95th percentiles) fertility. excluded after MM entered the equation. The fact that the Pearson correlation between SDF_6 and fertility was numerically greater than the correlation with MM and the nonzero correlation existing between SDF_6 and MM might explain this unexpected result. The MM was selected in many fertility categories, especially for EGV. Values of the AUC parameter range between 0 and 1 and coincide with the concordance parameter, which measures the probability of concordance between predicted and observed responses. The estimated probability of concordance was largest, about 0.9, for predicting the lowest 5% and 10% fertility bulls, using both ESBV and EGV to classify the bulls. This probability decreased substantially, to near 0.75, when predicting the lower 25% fertility animals. On the other hand, prediction of high-fertility bulls was less accurate, which is consistent with previous results. Interestingly, none of the semen variables was selected (except for EGV 95% high-fertility, but with low accuracy) to predict greatest-fertility animals.
To check the soundness of the previous classifi cations, average values for raw pregnancy rate and semen attributes were obtained for each classifi cation case. These results are shown in Figure 2 . The results of logistic regression were concordant with the evolution of SDF traits along the fertility categories. In fact, in the low-fertility category vs. not-low, both traits of SDF present an average value of about 9% for the lowest 5%-fertility bulls using ESBV or EGV. Levels of SDF tended to decrease considerably with increasing percentiles of fertility and were lowest (less than 3%) for animals classifi ed in the high-fertility 95% or above. In addition, a steep decline in SDF was observed when low-fertility animals belonged to classes defi ned by the 25th or 50th percentile compared with bulls in the 5th or 10th percentile. In the rest of fertility categories (not-low Figure 2 . Average values of rate of success in AI, sperm DNA fragmentation at 6 h after thawing, mass motility and post-thawing individual motility for bulls in successive classes of fertility. Classes 1 to 4 represent ascending thresholds for fertility (5%, 10%, 25% and 50% for low vs. not-low fertility classifi cation and 50%, 75%, 90% and 95% for high vs. not-high classifi cation). Average values for low-and high-fertility bulls for consecutive classes are connected by solid lines or by dotted lines for not-low and not-high bulls. Low vs. not-low averages are marked with solid squares for fertility classes defi ned by the distribution of estimated service bull values (ESBV) and solid diamonds for classes defi ned from estimated genetic values (EGV). High vs. not high averages are marked with asterisks for EBSV and with crosses for EGV. See online version to view in color.
fertility, high and not-high fertility), no clear trend could be observed for both SDF traits.
This result indicates that SDF explains a large part of variability in the extreme low values of fertility, but the contribution of this trait is not relevant in the intermediate and high extreme values of bull fertility. Motility traits showed differing patterns. Post-thawing motility showed a clear trend to increase with increasing fertility, observing differences of up to 10 percentage points between lowest 5%-fertility bulls and highest 95%-fertility animals. No clear patterns were observed for the other motility traits (only MM results are shown for simplicity). Pregnancy rates for the alternative classes differed up to 20% between the extreme fertility categories (5% lowest vs. 95% highest).
DISCUSSION
Average level and variability of SDF measures after thawing and after 6 h of incubation were low (75% of observed SDF were less than 4%) in the large sample of Holstein bulls studied. These results agree with the levels of SDF observed in other cattle populations (García-Macías et al., 2007 in Holstein; Waterhouse et al., 2010 in Holstein and Norwegian Red; Christensen et al., 2011 in Holstein and Jersey; and Bochenek and Smorag, 2010 in several cattle breeds). Low SDF have been also reported in other domestic species (Enciso et al., 2006 in boars; Rybar et al., 2004 in boars and bulls; and López-Fernández et al., 2008 in rams) and contrast with the larger SDF values found in humans (e.g., Evenson and Wixon, 2006 , for a review).
Several studies have proved that the mechanism of sperm chromatin protamination is signifi cantly related to DNA fragmentation (Aoki et al., 2005; Villani et al., 2010) . In addition, the ratio between different kinds of protamines (P1 and P2) differs among species (Cozett et al., 2002) . These differences suggest that chromatin in animals is more resistant to damage than in humans (Villani et al., 2010) . It seems that species lacking expression of P2 were signifi cantly more likely to undergo sperm DNA fragmentation when the sperm is ex vivo handled. It has also been found that more cysteine residue in P1 was associated with greater sperm DNA stability (J. Gosálvez, unpublished data).
Within species, some authors have reported a number of factors that may affect SDF. Among environmental factors that show effects on SDF are increased testicular or body temperature, presence of toxic agents (Spano et al., 1996; Potts et al., 1999) , vaccination , biological contamination (González-Marín et al., 2011) , components of the extender in which semen is stored (Hammadeh et al., 2001; Love et al., 2005; Waterhouse et al., 2010) or storage conditions (Love et al., 2002; Boe-Hansen et al., 2005; Waterhouse et al., 2010) , age and male genital infection (Ruiz-López et al., 2010) or even the amounts of Zn in the dietary intake (García-Contreras et al., 2011) . In our study, age of the bull and season of collection showed signifi cant but small effects (up to 1.4% difference between leastand most favorable environments) on SDF. The SDF were larger for older bulls and for semen collected in summer. Karabinus et al. (1990) also found that SDF rates increased with age in Holstein bulls. The small effect of season of collection observed in our study might be due to the fact that the AI center where the samples were collected is in an area where summer temperatures are relatively benign, except for occasional heat waves. We do not discard that, depending on the latitude and the bull housing conditions, the seasonal effect could be more evident, as happens in goats .
Apart from environment, the inbreeding amount of the bull has also shown a small detrimental effect on SDF in our study. The small effect of inbreeding (2.4% and 1.3% of the phenotypic mean of SDF_0 and SDF_6, respectively) can be due to the fact that only a few animals (8 bulls) showed a relatively high (>12.5%) inbreeding coeffi cient, refl ecting the fact that matings among closely related animals are avoided. The rest of the animals showed a moderate inbreeding amount (5.3% on average). Inbreeding has been found to have a major impact on amounts of SDF in 2 endangered populations of Gazella with high amounts of inbreeding (30% on average) vs. a non-endangered lowly inbred population (with an average inbreeding amount of 4%; Ruiz-López et al., 2010) .
In our study, the factor that explained the largest proportion of the observed variability of SDF rates was the bull itself. The sum of the 2 components linked to the bull (the genetic and permanent environment) explained a very large proportion of the overall variability (more than 70%), which means that SDF is a consistent measure within bull and could be a valuable marker of bull fertility. To our knowledge, the present study is the fi rst in which the additive-genetic and permanen-environmental-plus-no-additive-genetic variance components of the SDF were estimated. The magnitude of the estimated heritability indicates that an effi cient selection of the trait could be carried out if required in the future. Nevertheless, the large HPD95% interval for heritability found in this study indicates that the amount of information available is not large enough to provide highly accurate estimates of this parameter and should be used with caution. In this study, the amount of information collected was limited by the size of the progeny test program (40 bulls per year) and the semen stock available at the AI center at the beginning of the study. The estimate of repeatability was much more accurate and strongly suggests that the bull is a signifi cant contributor to SDF variability.
Apart from the large repeatability of SDF measures for the same bull, posterior means of genetic and phenotypic correlations between SDF_0 and SDF_6 were large (> 0.90), with a very small HPD95% interval. This means that SDF measures taken up to 6 h of incubation at 37ºC refl ect the basal SDF of a bull, which is important to ensure post-AI fertility success. This contrasts with the results of Waterhouse et al. (2010) , who observed a rapid increase in SDF in the fi rst 6 h of incubation with 2 different extenders but offered no explanation of the observed increase. A companion study (González-Marín et al., 2011) on a sample of the bulls used in this study demonstrated that the increase in SDF observed for incubation times beyond 6 h was characteristic of some bulls and was associated with the appearance of bacterial contamination in the semen samples. A sharp increase of SDF in the female tract shortly after insemination might impair fecundation or embryo survival or both. It therefore will be important to confi rm the dynamics of SDF within the time interval that the sperm takes to reach the ovum. It also will be necessary to study the bull component on these dynamics to infer its impact on actual bull fertility. In this area, previous studies point to the fact that not only amount but dynamics aspects of DNA fragmentation after thawing may be linked to individuals (López-Fernández et al. 2007 in stallion; López-Fernández et al. 2008 in ram; García-Peiró et al. 2010 and Gosálvez et al. 2010 in humans,) . Even in more stressful situations for the sperm, such as sperm sex-sorting, not all the individuals behave in a similar fashion for the dynamics of sperm DNA damage. (Gosálvez et al., 2011b) .
From the consistency of measures of SDF found across ejaculates of the same individual, SDF seems to be a useful indicator of bull sperm quality, but its usefulness as an indicator of the fertility of the bull is conditioned by its relationship with the subsequent AI outcome. In this study, SDF, and more specifi cally SDF_6, was the variable that best helped explain the observed variability in the AI outcome of a bull over all traits studied. Mass motility was the second most informative trait in the prediction of the AI results, according to the stepwise regression and discriminant analyses, but with much lower partial coeffi cient of determination than SDF (3% vs. 15% and 3% vs. 26% for MM vs. SDF_6 in the case of ESBV and EGV, respectively). Nevertheless, the raw averages for bulls belonging to low vs. not-low or high vs. not-high fertility classes for MM did not show clear trends, whereas PTM showed more clear patterns, increasing for bulls belonging to classes associated with greater fertility (Figure 2) . The discrepancy between selection of MM for the regression equations and the lack of trend shown in Figure 2 may be explained by the fact that results in Figure 2 are obtained with raw means but that the variables entering the regression analyses were environmentally adjusted averages. García-Macías et al. (2007) reports that in a multiple regression that considers a number of sperm quality parameters (motility, morphological abnormalities, cytoplasmic droplets, sperm viability, capacitation and acrosomal and mitochondrial status), 4 parameters (percentage of proximal cytoplasmic droplets, percentage of intact acrosomes in total population, SD of DNA fragmentation index obtained by Sperm Chromatin Structure Assay (SCSA) and percentage of fragmented DNA detected by Sperm-Halomax) showed a predictive value of the rates of non-return to estrus at 96 d post AI (NNR96) slightly superior to the 1 observed in this study (R 2 = 0.34). Similarly, Waterhouse et al. (2006) , in a study that considered the relationship between AI non-return-rate at 60 d (NNR60) and sperm parameters (plasma membrane and acrosome integrity, mitochondrial functionality and DNA damage), found that the backward stepwise selection procedure used did not give signifi cant multiple models that included other sperm parameters than SDF measured by 2 assays. One possible reason for the SDF traits being consistently selected by regression techniques as signifi cant indicators of fi eld fertility over other sperm variables might be related to the fact that SDF traits are considered as noncompensable, whereas sperm morphology and viability parameters have been considered as compensable traits (Saacke, 2008) . Nevertheless, Christensen et al. (2011) , testing the use of seminal variables (sperm motility and morphology, sperm viability, SDF, and sperm acrosome reaction) to predict non-return-rate at 56 d (NNR56), found that the best model for describing (and predicting) NRR56 was based on sperm concentration and viability measured by fl ow cytometry. In that study, both motility and SDF showed a signifi cant predictive power in cross validation for predicting NNR56-but, when using graphical methods, viability was found to be directly connected to NNR56, whereas SDF and motility were indirectly connected to NNR56 through viability. Given that most semen quality traits are correlated to some extent, the results of regression studies are infl uenced by collinearity problems and may yield differing sets of variables selected depending on the semen characteristics included in the analysis, on the manner in which these traits were measured and on the variable selection technique employed.
Other authors (Ballachey et al., 1987; Karabinus et al., 1990; Bochenek et al., 2001; Januskauskas et al., 2001 Januskauskas et al., , 2003 have found signifi cant correlation values (from −0.33 to −0.53) between SDF and AI fertility in bulls, similar to the correlations found in this study and in agreement with the coeffi cients of determination obtained in the regression analyses. Therefore, both types of analysis, regression and correlation, that measure the linear relationship between variables, consistently point to a signifi cant relationship between SDF and AI fertility.
A possible explanation for the moderate relationship between semen variables and fertility found through statistics that measure linear relationship is that the true relationship pattern is not linear. On the other hand, the pre-selection of samples and the high quality of semen used in the AI program could reduce the variability, and, as a consequence, the probability of detecting fertility differences associated with seminal parameters will be low. It is often said, as noted in a review article by Saacke (2008) , that it is easier to identify the lower-fertility bulls than it is to recognize the high-fertility bulls by virtue of semen evaluation and that, although not universally true, low-fertility bulls are those with uncompensable traits. Our study confi rms these 2 statements and clearly shows that low-fertility bulls (those in P10 or below in the fertility distribution) can be identifi ed accurately by using measures of SDF alone or in combination with sperm motility. Values of SDF about 7% to 10% could be used as indicators of low AI success in terms of successful calvings. In this context, Gaviraghi et al. (2010) showed that the expression of several proteins involved in sperm-egg interaction and cell-cycle regulation differ in high and low AI fertility bulls. The SDF has been shown to be related to sperm-egg interaction and embryo survival, and, therefore, the differential expression results of Gaviraghi et al. (2010) provide biological evidence that supports the results found in this and other studies that have linked larger values of SDF with low success rates of AI.
In conclusion, though the amount of SDF in Holstein bulls seems to be low on average, some bulls showed SDF values above the 7% to 10% threshold that was associated with low fertility in AI in this study. Moreover, despite the low variability of SDF, this trait showed a signifi cant impact on the AI outcome and showed a good predictive behavior for screening low fertility bulls. The signifi cant relationship with bull AI fertility and the fact that measures of SDF are highly repeatable make SDF a valuable marker of bull fertility. In addition, the magnitude of the genetic component found would permit an effective selection if required.
LITERATURE CITED
